Abstract: Moderate resolution imaging spectroradiometer (MODIS) aerosol optical depth (AOD) products have been widely used to characterize the temporal variations and spatial distributions of atmospheric aerosols. In the present study, we evaluate the performance of four Terra and Aqua MODIS Collection 6 (C6) quality assured AOD products in the Pearl River Delta (PRD) region, a humid subtropical region. The 10 km AOD products retrieved by the Dark Target (DT) and Deep Blue (DB) algorithms, the merged DT/DB (DTDB) 10 km product, and the DT 3 km AOD product were obtained for 2006-2015. These products were compared with Aerosol Robotic Network (AERONET) observations, and with each other. The Terra-and Aqua-derived AODs are quantitatively similar. However, there are significant differences among the four AOD products. The DT 10 km product correlates more closely with AERONET AOD observations than does the DB 10 km product. The latter tends to underestimate the AOD, whereas the former typically overestimates it for highly urbanized areas. The DTDB 10 km product is mainly derived from the DT 10 km product; it does not provide a gap-filled data set, because valid DB 10 km retrievals are not included in the merged product even when DT 10 km retrievals are unavailable. Therefore, the DT/DB merging protocol should be improved. The DT 3 km AOD product closely mimics the DT 10 km product; however, it contains fewer data than the DT 10 km product over water-contaminated areas. In addition, although the quality assured AOD products are recommended for use in quantitative applications by the MODIS aerosol science team, the sampling frequency of these products is generally lower than 25%. Thus, the sampling issues of these products should be considered in humid subtropical areas.
Introduction
Aerosols are tiny particles suspended in the atmosphere. Naturally and anthropogenically generated aerosols have gained increasing attention because of their influences on climate and human health [1, 2] . Recent advancements in satellite remote sensing of aerosols have enabled the quantitative analysis of aerosol properties. A variety of sensors that are well-suited for aerosol studies have been launched, which enable aerosol properties to be characterized at local, regional, and global scales [3, 4] .
Moderate resolution imaging spectroradiometer (MODIS) instruments on board Terra and Aqua satellites provide daily global records of aerosol properties [5] . Because the signal received by the sensor is composed of contributions from both the atmosphere and the surface, several algorithms have been developed to retrieve aerosol properties and produce aerosol products from MODIS. Over land, the operational MODIS aerosol products are generated using the Dark Target (DT) and Deep Blue (DB) algorithms; both of these algorithms are continuously being updated [6, 7] . Current operational MODIS aerosol products are grouped into Collection 6 (C6), with a standard resolution of 10 km. The MODIS C6 aerosol data sets also include a 3 km aerosol product retrieved by the DT algorithm, and a merged DT/DB product with 10-km resolution [7] .
The ability of sparsely located ground monitoring stations to address the distributions and changes of regional particle pollutants is limited. Because satellite-derived aerosol optical depth (AOD) is directly related to particle mass loading, many researchers have attempted to use satellite-derived AOD products to supplement ground-based monitoring of particulate matter concentrations [8] [9] [10] [11] [12] . MODIS AOD products have been widely used in studies at global and regional scales, because they have been extensively validated and are readily accessible [13, 14] .
Although several studies have been conducted to compare and evaluate different aspects of MODIS C6 AOD products, these studies have typically focused on a subset of MODIS data and some of them have only used observations obtained during a short period of time [15] [16] [17] [18] [19] . In addition, most of these studies have only assessed the accuracy of AOD retrievals, whereas the sampling issues of different products have typically been ignored [20] . Hence, it is necessary to conduct detailed analyses and systematic comparisons of the four MODIS C6 AOD products over a long period.
In the present study, we evaluated the performance of Terra and Aqua MODIS C6 aerosol products for the Pearl River Delta (PRD) region, a humid subtropical region. We comprehensively compared MODIS C6 DT 10 km, DT 3 km, DB 10 km, and merged DT/DB 10 km AOD data sets with AERONET measurements and against each other. The complex topography and emissions of the PRD, and its unique climatological conditions make the region an interesting study area for atmospheric research [21] . Therefore, a comparison of different MODIS C6 AOD products in this region will provide a reference for MODIS data users to understand the characteristics of different data sets. In addition, identifying the strengths and weaknesses of different products will assist users in choosing the most appropriate data set for their specific applications.
Materials and Methods

Study Area
The PRD region is located in southern China, and has a subtropical climate. The terrain of this region is complex; it is surrounded by mountains to the east, west, and north, and its south side is adjacent to the South China Sea (Figure 1 ). The complex landscape can result in substantial spatial variations in pollutant concentrations in this region; the hilly topography and jagged coastline can induce complex wind fields and thus influence the transport of air pollutants [22] . The PRD region is one of the most urbanized and industrialized regions in China, and contains several densely populated cities. Rapid economic growth has resulted in high aerosol concentrations and poor visibility [23] . Long-term air-quality data indicate that particle concentrations in the PRD region have remained at high levels, and that high aerosol concentrations are the major cause of low visibility [24, 25] . Because of rapid economic development, unique geographical and climatological conditions, and complex regional air pollution problems, the PRD region is of special interest to atmospheric researchers [21, 23] . 
MODIS Data Sets
Currently, there are two MODIS instruments on board the Terra and Aqua satellites, which cross the equator from north to south at about 10:30 (Terra), and from south to north at about 13:30 (Aqua) local solar time. The DT and DB algorithms were designed to retrieve aerosol properties from MODIS data over land. The DT algorithm utilizes the empirical relationship between the surface reflectances in the shortwave infrared and visible channels for visually 'dark' regions [5, 7, 26] . The DB algorithm is based on a surface reflectance database generated using the minimum reflectivity technique [6, 27] . The DT algorithm is suitable for vegetated and dark-soiled land, whereas the DB algorithm was originally developed for retrieving aerosol properties for bright desert and urban areas [7] . Both the DT and DB algorithms are used to generate the operational MODIS aerosol products; and resulting data sets are typically provided at a spatial resolution of 10 km [6, 7, 28] . In order to provide a data set with reduced-gap coverage, a simple empirical approach is used to merge the products obtained using the DT and DB algorithms. This approach is based on quality assurance (QA) checks and a normalized difference vegetation index (NDVI) climatology database; only pixels with high retrieval confidence are retained [18] . The merged DT/DB product (DTDB) is included in the MODIS C6 release, and the spatial resolution of the merged aerosol product is 10 km. Although the 10 km product is useful for determining global aerosol climatology, it is too coarse to resolve local aerosol variability and there is a significant need for a finer-resolution product [29] . Therefore, a 3 km product was introduced as part of MODIS C6 [7, 30] . The DT algorithm was used to derive the 3 km product. The only differences between the 3 km and the 10 km retrievals were the ways in which the pixels were grouped and selected [7, 30] .
In the present study, Terra and Aqua MODIS C6 Level 2 aerosol products (MOD/MYD04_L2 and MOD/MYD04_3K) from 1 January 2006 to 31 December 2015 were obtained from the Level 1 and Atmosphere Archive and Distribution System (LAADS) Distributed Active Archive Center (DAAC) at NASA's Goddard Space Flight Center in Greenbelt, Maryland, United States. The DT, DB, and DTDB 10 km AOD products and the DT 3 km AOD products, were extracted. Only high-quality AOD retrievals (QA = 3 for DT, QA = 2 or 3 for DB) were utilized. Multiyear mean AOD distributions were calculated using a straightforward averaging of all of the retrievals. A minimum sampling frequency of 5% for each pixel was applied to exclude poorly sampled pixels. 
AERONET Data and Matchup Methodology
AERONET is a global network established for characterizing aerosol optical properties using stable and well-calibrated sun photometers. The typical uncertainty of AERONET AOD data is within ±0.01 for longer wavelengths (>440 nm) and ±0.02 for shorter wavelengths [31] . Therefore, AERONET measurements provide a standardized high-quality data set for validating satellite AOD retrievals. In the present study, available Level 2 AOD products observed at four AERONET stations (Figure 1 ) across the PRD region were used to validate the MODIS C6 AOD products. Two of these stations, "HK PolyU" and "Zhongshan Univ", are located in urban areas. One station, "Kaiping", is located in a suburban area, and station "HK Sheung" is a rural site. Details of the four AERONET stations used in this study are shown in Table 1 . To validate MODIS AOD, coincident satellite-ground AOD pairs were obtained by spatially averaging satellite data near to the AERONET station, and temporally averaging AERONET data around the satellite overpass time [32] . The AERONET AOD at 550 nm was obtained by interpolating the measured AOD at 440, 500, 670, and 870 nm based on a quadratic fit on a log-log scale [33, 34] . Following a widely used matchup protocol, a window of 3 × 3 pixels centered on the AERONET site was chosen to match a one-hour AERONET data segment centered on the time of the satellite overpass. In addition, a minimum of five collocations were required for each AERONET site.
Results
AERONET Data Comparisons
Scatter plots of MODIS AOD and AERONET measurements over the PRD region are shown in Figure 2 . The total population of matchup retrievals for all of the AERONET stations was used to evaluate the performance of different data sets. Although different data sets have different expected uncertainties, the expected error (EE) of ±(0.05 + 0.15AOD) was used to enable direct comparisons between different data sets [18] . Figure 2 indicates that the accuracy of the Terra and Aqua data sets is similar; this is to be expected, because the two instruments were designed to be quantitatively similar. However, AOD values retrieved by the DT and DB algorithms and the levels of agreement with AERONET data differ. Generally, the DT 10 km AOD products are better correlated with AERONET data than the DB 10 km AOD products. Furthermore, the root mean square error (RMSE) values for the DT 10 km products are lower than those of the DB 10 km products. The DT 3 km AOD product was retrieved by the same algorithm as the DT 10 km product, and was expected to closely mirror the DT 10 km product. Although the DT 3 km product is highly correlated to AERONET observations, the RMSE of DT 3 km is slightly higher than that of DT 10 km, and the number of collocations for DT 3 km is typically fewer than that of DT 10 km; this is consistent with previously reported results [19, 30] . The scatter plots for DTDB 10 km products are almost the same as those for the corresponding DT 10 km products. This is because the DTDB 10 km products are mainly derived from the DT 10 km products. In order to identify how frequently the merged data set is derived from the DB 10 km product, the days that the DTDB 10 km AOD was partially drawn from the DB 10 km AOD were counted on a yearly basis and the mean percentage of pixels contributed by the DB 10 km AOD during these days was calculated ( Figure 3) . The results indicate that there were typically less than 40 days each year when the DTDB 10 km product was partially drawn from the DB 10 km product, and that, on average, less than 1% of the pixels were contributed by the DB 10 km product during these days. Therefore, the DTDB 10 km product is almost the same as the DT 10 km product over the PRD region. Number of days in each year that the DTDB 10 km AOD was partially derived from the DB 10 km AOD, and the mean percentage of pixels that were contributed by the DB 10 km AOD during these days.
Site-Level Analyses
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The site-level statistical summary for the validation of Terra and Aqua MODIS AOD products is shown in Table 2 . The DT 10 km AOD products typically contain more retrievals that fall within Remote Sens. 2017, 9, 1173 6 of 13 the EE, and have lower RMSE values, than the other AOD products. However, Table 2 indicates that none of the products consistently outperform the others over the PRD region. The relative mean bias (RMB) is the ratio of the satellite mean to the AERONET mean. An RMB value greater than or less than 1 indicates an average overestimation or underestimation, respectively, of the AOD values. The RMB values suggest that the DB algorithm tends to underestimate AOD values over the PRD region, and the 10 km and 3 km AOD products retrieved by the DT algorithm better represent the regional mean. However, both the DT 10 km and 3 km products exhibit a positive bias at the "Zhongshan Univ" site. This is because the DT algorithm typically underestimates surface contributions over highly urbanized areas with limited vegetation cover, resulting in the overestimation of AOD values [35] . Although the number of MODIS/AERONET collocations at the "Zhongshan Univ" site is small, the results demonstrate the limitations of the DT algorithm over non-vegetated urban areas, which is consistent with previous reports [15, 18] . Because the differences between the R 2 values of the DT 10 km and DT 3 km products against the AERONET data are generally less than 0.05, and because of the limited number of collocations at each AERONET site, it is difficult to robustly infer which of these products is superior. However, high RMB values at the "Zhongshan Univ" site suggest that the DT 3 km products tend to include overestimated AOD values over urban areas that are not present in the DT 10 km product. a N = number of collocations; b RMSE = the root mean square error; c RMB = the relative mean bias, it is the ratio of the satellite mean to the AERONET mean; d EE = expected error, ± (0.05 + 0.15AOD). Table 2 shows that the number of collocations for DB 10 km at the "HK PolyU" station is significantly smaller than for DT 10 km. This is because the DB algorithm has difficulties in accurately determining the surface reflectance over coastal urban areas because of the heterogeneity of the underlying surface. In contrast, the DT algorithm can obtain good estimations of the surface reflectance in complex coastal environments if sufficient vegetated pixels exist.
The RMB values shown in Table 2 suggest that, unlike the "Zhongshan Univ" site, the DT 10 km and 3 km AOD values are not overestimated at the "HK PolyU" site. This is because the land surface properties around the two sites are quite different, even though both are located in urban areas. Figure 4 shows the seasonal mean NDVI values within 7.5-km radii around the "Zhongshan Univ" and "HK PolyU" sites, calculated from the Terra and Aqua MODIS-derived monthly NDVI products.
The results indicate that the "HK PolyU" site has comparatively high vegetation cover. That is, the surface conditions around the "HK PolyU" site are more favorable for the DT algorithm than those at the "Zhongshan Univ" site. Therefore, more darker, vegetated, targets could be found around the "HK PolyU" site than around the "Zhongshan Univ" site, and the DT algorithm is more likely to provide robust aerosol retrieval at the "HK PolyU" site.
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Comparisons of MODIS Data Sets
The distributions of AOD averaged from different MODIS aerosol products and their sampling frequencies during 2006-2015 over the PRD region are shown in Figures 5 and 6 , respectively. These figures indicate that corresponding Terra and Aqua AOD data sets show very similar spatial patterns, spatial coverage, and sampling frequencies. Figure 5 shows that the spatial patterns and spatial coverage of different AOD products can differ significantly. The DT 10 km AOD is generally higher than the DB 10 km AOD, and mainly covers the vegetated area. The DB 10 km AOD covers the urban areas, which are typically missing from the DT 10 km product. However, the DB product has more missing points over the coastal areas. The multiyear averaged AOD derived from the DTDB 10 km product is almost the same as that derived from the DT 10 km product. This is to be expected, because the DTDB 10 km product is mainly derived from the DT 10 km product. The DT 3 km AOD product closely mimics the DT 10 km product on a finer scale, and resolves details of small-scale AOD gradients which are missed by the DT 10 km product. However, the 3 km product exhibits decreased spatial coverage, with missing data over water contaminated areas, when compared with the DT 10 km product. Figure 6 indicates that the sampling frequencies of different MODIS aerosol products at collocated regions are similar, and that the sampling frequencies of different products are typically lower than 25%. This is partly because the QA filtering process removes those pixels that fail QA checks. In addition, AOD data are only available during clear-sky conditions. Hence, a large amount of AOD data are missing because of frequent cloudy and rainy weather over the PRD region. Therefore, although the quality assured AOD products are recommended for quantitative use [18] , the limited sampling of these products should be taken into account during analyses of the PRD region. 
The distributions of AOD averaged from different MODIS aerosol products and their sampling frequencies during 2006-2015 over the PRD region are shown in Figures 5 and 6 , respectively. These figures indicate that corresponding Terra and Aqua AOD data sets show very similar spatial patterns, spatial coverage, and sampling frequencies. Figure 7 shows the comparison results of the spatial coverage of multiyear mean AOD derived from DT and DB 10 km AOD products. The DB 10 km product provides valid retrievals over highly urbanized areas which are missed by the DT 10 km product. In contrast, the DT 10 km product has better coverage than the DB 10 km product over coastal areas. Thus, if an appropriate merging algorithm is used, it is possible to obtain a data set with reduced-gap coverage by utilizing the strengths of the DT and DB 10 km products. However, Figure 8 indicates that many valid DB 10 km retrievals are excluded in the merging process. Furthermore, comparing Figures 7 and 8 demonstrates that the DTDB 10 km product has similar coverage to the DT 10 km product. Thus, although the merged AOD product is intended to provide a more complete data set than either the DT or DB 10 km products, it does not do so over the PRD region.
Evaluation of the DT/DB Merging Protocol
The protocol used to generate the merged DT/DB AOD product is based on three classifications determined from a climatological NDVI map. If an NDVI ≥ 0.3, then the DT 10 km AOD (QA = 3) is used, and if an NDVI ≤ 0.2, then the DB 10 km AOD (QA = 2 or 3) is used. For intermediate NDVI values, the retrieval with the highest QA value is used, or, if both values exhibit high confidence, the average of the two retrievals is used [7, 18] . Figure 9 shows the spatial distributions of the seasonal mean NDVI values derived from the Terra and Aqua MODIS-derived monthly NDVI product for 2006-2015. The NDVI is generally higher than 0.3 over the PRD region, especially in summer and autumn. Therefore, many valid DB 10 km AOD retrievals will not be included in the merged AOD product, even when DT 10 km retrievals are unavailable. In addition, Figure 9 indicates that there are only a small number of pixels with an NDVI value of less than 0.2 over the PRD region throughout Figure 5 shows that the spatial patterns and spatial coverage of different AOD products can differ significantly. The DT 10 km AOD is generally higher than the DB 10 km AOD, and mainly covers the vegetated area. The DB 10 km AOD covers the urban areas, which are typically missing from the DT 10 km product. However, the DB product has more missing points over the coastal areas. The multiyear averaged AOD derived from the DTDB 10 km product is almost the same as that derived from the DT 10 km product. This is to be expected, because the DTDB 10 km product is mainly derived from the DT 10 km product. The DT 3 km AOD product closely mimics the DT 10 km product on a finer scale, and resolves details of small-scale AOD gradients which are missed by the DT 10 km product. However, the 3 km product exhibits decreased spatial coverage, with missing data over water contaminated areas, when compared with the DT 10 km product. Figure 6 indicates that the sampling frequencies of different MODIS aerosol products at collocated regions are similar, and that the sampling frequencies of different products are typically lower than 25%. This is partly because the QA filtering process removes those pixels that fail QA checks. In addition, AOD data are only available during clear-sky conditions. Hence, a large amount of AOD data are missing because of frequent cloudy and rainy weather over the PRD region. Therefore, although the quality assured AOD products are recommended for quantitative use [18] , the limited sampling of these products should be taken into account during analyses of the PRD region. Figure 7 shows the comparison results of the spatial coverage of multiyear mean AOD derived from DT and DB 10 km AOD products. The DB 10 km product provides valid retrievals over highly urbanized areas which are missed by the DT 10 km product. In contrast, the DT 10 km product has better coverage than the DB 10 km product over coastal areas. Thus, if an appropriate merging algorithm is used, it is possible to obtain a data set with reduced-gap coverage by utilizing the strengths of the DT and DB 10 km products. However, Figure 8 indicates that many valid DB 10 km retrievals are excluded in the merging process. Furthermore, comparing Figures 7 and 8 demonstrates that the DTDB 10 km product has similar coverage to the DT 10 km product. Thus, although the merged AOD product is intended to provide a more complete data set than either the DT or DB 10 km products, it does not do so over the PRD region.
the year. Hence, the DTDB 10 km products are mainly derived from the DT 10 km products. In order to generate more complete AOD products over the PRD region, it is necessary to improve the protocol used to merge the DT and DB AOD products. 
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Along with the development of MODIS aerosol retrieval algorithms, MODIS AOD products have been extensively evaluated and validated on both global and regional scales, and most of these The protocol used to generate the merged DT/DB AOD product is based on three classifications determined from a climatological NDVI map. If an NDVI ≥ 0.3, then the DT 10 km AOD (QA = 3) is used, and if an NDVI ≤ 0.2, then the DB 10 km AOD (QA = 2 or 3) is used. For intermediate NDVI values, the retrieval with the highest QA value is used, or, if both values exhibit high confidence, the average of the two retrievals is used [7, 18] . Figure 9 shows the spatial distributions of the seasonal mean NDVI values derived from the Terra and Aqua MODIS-derived monthly NDVI product for 2006-2015. The NDVI is generally higher than 0.3 over the PRD region, especially in summer and autumn. Therefore, many valid DB 10 km AOD retrievals will not be included in the merged AOD product, even when DT 10 km retrievals are unavailable. In addition, Figure 9 indicates that there are only a small number of pixels with an NDVI value of less than 0.2 over the PRD region throughout the year. Hence, the DTDB 10 km products are mainly derived from the DT 10 km products. In order to generate more complete AOD products over the PRD region, it is necessary to improve the protocol used to merge the DT and DB AOD products. 
Along with the development of MODIS aerosol retrieval algorithms, MODIS AOD products have been extensively evaluated and validated on both global and regional scales, and most of these 
Along with the development of MODIS aerosol retrieval algorithms, MODIS AOD products have been extensively evaluated and validated on both global and regional scales, and most of these studies mainly focused on evaluating the accuracy of different products. Some of the AERONET sites used in this study have also been included in other studies, for example, "HK PolyU" and "Zhongshan Univ". Tao et al. (2015) showed that DT 10 km AOD exhibited an overestimation in "HK PolyU" and "Zhongshan Univ", whereas Nichol and Bilal (2016) showed that DT 10 km AOD was not overestimated at "HK PolyU" [15, 36] . It was because the study periods were different, and the latter study covered a longer period than the former one. Our results also indicated that AOD retrieved by the DT algorithm was not overestimated at "HK PolyU" by using observations obtained during 2006-2015. In addition, Nichol and Bilal (2016) suggested that the dense and high rise environment around the "HK PolyU" site created long shadows and reduced the bias in surface reflectance estimation over bright surfaces. We investigated the surface properties around "HK PolyU" and "Zhongshan Univ", and the results showed in Figure 4 indicated that the surface condition around "HK PolyU" was quite different from typical urban sites, with seasonal mean NDVI values greater than 0.5, which was a favorable surface condition for the DT algorithm.
The sampling issues of satellite-derived AOD products were typically ignored in applications. This study indicated that the sampling frequencies of different MODIS C6 AOD products were generally lower than 25% over the PRD region. Although a simple merging procedure could be used to improve the data coverage, it should be noted that different AOD products were derived from the same measurements and they were not independent from each other [18] . In addition, since a large amount of AOD data are missing due to the cloudy and rainy weather, the improvement of the data coverage will be limited by using a simple merging procedure over the PRD region. In order to compensate for the sampling issues of AOD products over the humid subtropical area, the spatiotemporal geostatistical method seems to be a promising approach [37, 38] .
Conclusions
In the present study, we evaluated the performance of different Terra and Aqua MODIS C6 aerosol products for analysis of the PRD, a humid subtropical region. The results indicate that, as expected, the corresponding Terra and Aqua data sets are quantitatively similar. Significant differences were observed between MODIS C6 AOD products. Although it is difficult to conclude which of the products is superior because of the limited number of AERONET observations, the DT and DTDB 10 km products exhibit higher correlations with the AERONET measurements than the other products. The DB 10 km AOD tends to be underestimated, and the DT 10 km AOD shows a positive bias over highly urbanized areas. The DTDB 10 km product is mainly derived from the DT 10 km product, and does not provide a more complete data set as intended. Gaps in the DTDB data set are present because the NDVI is generally larger than 0.3 over the PRD region, and the DTDB 10 km product is populated using only the DT 10 km AOD when NDVI ≥ 0.3. Therefore, the method used to merge the DT and DB 10 km AOD products requires improvement. The DT 3 km product closely mirrors the DT 10 km product at a higher resolution, but exhibits more missing data over water-contaminated areas. Because the QA filtering process, and the prevalence of cloudy and rainy weather in the PRD region, the sampling frequencies of different AOD products are typically lower than 25%. Hence, the limited sampling of these quality assured AOD products should be considered in analyses of humid subtropical areas. The results presented here will assist users of these products to understand their strengths and weaknesses; thereby helping them to choose the most appropriate data set for their target applications. In addition, this study can be used as a reference for future algorithm development and refinement at a regional scale.
